Protective immunity to the liver stage of the malaria parasite can be conferred by vaccine-induced T cells, but no subunit vaccination approach based on cellular immunity has shown efficacy in field studies. We randomly allocated 121 healthy adult male volunteers in Kilifi, Kenya, to vaccination with the recombinant viral vectors chimpanzee adenovirus 63 (ChAd63) and modified vaccinia Ankara (MVA), both encoding the malaria peptide sequence ME-TRAP (the multiple epitope string and thrombospondin-related adhesion protein), or to vaccination with rabies vaccine as a control. We gave antimalarials to clear parasitemia and conducted PCR (polymerase chain reaction) analysis on blood samples three times a week to identify infection with the malaria parasite Plasmodium falciparum. On Cox regression, vaccination reduced the risk of infection by 67% [95% confidence interval (CI), 33 to 83%; P = 0.002] during 8 weeks of monitoring. T cell responses to TRAP peptides 21 to 30 were significantly associated with protection (hazard ratio,0.24; 95% CI, 0.08 to 0.75; P = 0.016).
INTRODUCTION
Substantial gains have been made in reducing malaria transmission in some parts of Africa but not in others (1) . An effective malaria vaccine would offer an important further strategy to control malaria. RTS,S/ AS01 is the most advanced malaria vaccine in development and induces high-titer antibody responses to the circumsporozoite protein (2) . It confers 30 to 50% protection against clinical malaria (3).
An alternative, or perhaps complementary, vaccination strategy is to use viral vectors in heterologous prime-boost regimens to induce T cell responses. This strategy is more successful when T cells are induced to the pre-erythrocytic antigen construct comprising the thrombospondin-related adhesion protein coupled to a multiepitope string (ME-TRAP) rather than the circumsporozoite protein (4, 5) . Previous regimens with viral vectors conferred partial protection against controlled human malaria infection in malaria-naïve volunteers (6) but did not confer demonstrable efficacy in field studies (7, 8) . Prior malaria exposure may suppress T cell responses to vaccination, explaining the lack of efficacy in the field (9) . A recent development has been to deliver ME-TRAP by priming with chimpanzee adenovirus 63 (ChAd63) before boosting with modified vaccinia virus Ankara (MVA). This approach induced the highest T cell responses seen thus far after vaccination of malaria-naïve (10) and malariaexposed adults (11, 12) , and was more protective than previous T cellinducing vaccines in controlled human malaria infection studies (13) .
We now present the safety, immunogenicity, and efficacy results of a phase 2b single-blind randomized controlled field trial of the ChAd63-MVA ME-TRAP vaccine in malaria-exposed adult male volunteers in Kenya. The end point for efficacy was infection with P. falciparum diagnosed by polymerase chain reaction (PCR). Antimalarials were used to clear parasites after vaccination but before monitoring by PCR began (14) .
RESULTS
We conducted a randomized controlled single-blind study. Our objective was to determine the safety, immunogenicity, and efficacy of vaccination with ChAd63 ME-TRAP and MVA ME-TRAP compared with a rabies control vaccine. We randomized 121 male participants, losing 3 to follow-up because of migration ( fig. S1 ). There were no differences between randomization groups for age of participants, bed net use, location of residence, or parasitemia upon enrollment (Table 1) .
Safety and adverse events
No serious adverse events were identified. The most common local adverse event associated with both ChAd63 ME-TRAP and MVA ME-TRAP was mild to moderate pain, lasting for a few hours to 3 days (table S1). Various systemic adverse events were reported of mild to moderate intensity lasting between a few hours to 5 days (table S1). Other adverse events were reported within 30 days after vaccination but were not thought to be vaccine-related (table S2) . Minor laboratory abnormalities were observed in the full blood count and in creatinine and alanine transaminase after immunization (see tables S3 to S5 for frequencies, median values, and a line-by-line listing of abnormalities).
Immunogenicity
Peak immunogenicity was observed on day 63, 7 days after vaccination with MVA ME-TRAP and 63 days after vaccination with ChAd63 ME-TRAP. The vaccine induced antibody and T cell responses ( Fig. 1 and table S6 ). Enzyme-linked immunospot (ELISPOT) results were quantified according to the number of interferon-g (IFN-g)-producing cells (visualized as spots) measured by the assay. According to the ELISPOT assay, geometric mean T cell responses were below 200 spots per million peripheral blood mononuclear cells (PBMCs) in control vaccinees throughout the study. However, those receiving the ChAd63-MVA ME-TRAP vaccine showed a geometric mean of 1451 spots per million PBMCs [95% confidence interval (CI), 1220 to 1727] for homologous (T9/96) TRAP peptides and a geometric mean of 1224 spots per million PBMCs (95% CI, 1224 to 1454) for heterologous 3D7 TRAP peptides. The geometric mean total T cell response to the vaccine construct (TRAP T9/96 plus multiple epitope peptides) was 1694 spots per million PBMCs (95% CI, 1437 to 1997). These T cell responses were all significantly greater than those seen among control vaccinees (P < 0.0001).
The T cell responses were somewhat biased toward one peptide pool (TRAP peptides 21 to 30; Fig. 1 (Fig. 1) . At peak immunogenicity (that is, day 63), based on a Poisson distribution analysis of spot numbers, positive responses to TRAP peptides were seen for 55 of 55 vaccinees receiving the ChAd63-MVA ME-TRAP vaccine and 33 of 40 vaccinees receiving the control rabies vaccine (positive responses among the latter group likely reflected natural exposure to P. falciparum).
Genotyping
Malaria transmission was unexpectedly low in the study area during the period of PCR monitoring for P. falciparum infection ( fig. S2) , and no clinical episodes of malaria were recorded during the follow-up period of 8 weeks. The incidence of PCR positivity for malaria infection was low and the parasitemias were low. We therefore delayed unblinding of the study and conducted genotyping to determine whether the PCR-positive samples were new infections acquired during the monitoring period or residual/recrudescent infections that were present at enrollment and incompletely cleared by the antimalarials given after vaccination and before PCR monitoring for efficacy began. We compared pairs of samples taken from the same volunteer where both samples were taken before antimalarial treatment. Four of 14 paired samples (29%) were identical, and 2 of 14 paired samples (14%) varied at only one single-nucleotide polymorphism (SNP) position. The mean number of SNP differences was 1.3 (95% CI, 0.6 to 2.7). We then compared pairs of samples from the same volunteer where one sample was taken before antimalarial treatment and the other after antimalarial treatment. Only 1 of 19 paired samples (5%) was identical, and none varied at only one SNP position. The mean number of SNP differences was 2.7 (95% CI, 1.8 to 3.8). This was significantly different from the 1.3 SNP differences seen between sample pairs before antimalarial treatment (P = 0.027 using Student's t test). We concluded that most of the infections that were identified after antimalarial treatment were new infections rather than partially cleared infections acquired before antimalarials were given.
Efficacy
Kaplan-Meier plots of the distribution of time to PCR positivity are shown in Fig. 2 and are compared with the time course of interventions and the pattern of rainfall ( Fig. 2A) . Eleven of 61 (18%) individuals vaccinated with ChAd63-MVA ME-TRAP became PCR-positive during the 56 days of monitoring, compared with 28 of 60 (47%) control vaccinees (Fig. 2B) . On Cox regression analysis, vaccine efficacy was 67% (95% CI, 33 to 83%; P = 0.002). Efficacy was 82% (95% CI, 46 to 94%; P = 0.002) for the secondary end point of a parasitemia >10 parasites/ml (Fig. 2C) . Efficacy was 67% (95% CI, 7 to 88%; P = 0.035) for malaria infection that was a new genotype not present in samples taken before antimalarial treatment (Fig. 2D ). In exploratory analysis, we required all three of the triplicate PCR runs to be positive to define the end point of infection. This end point was reached for 5 of 61 (8%) ME-TRAP vaccinees compared with 16 of 60 (27%) control vaccinees, giving a vaccine efficacy of 72% (95% CI, 23 to 89%; P = 0.014).
The effect of vaccination remained significant after adjusting for covariates ( Table 2 ). The hazard ratios (HRs) for covariates on the primary end point of infection by PCR were as follows: insecticidetreated net (ITN) use, 1.31 (95% CI, 0.57 to 3.01; P = 0.5); location, 0.78 (95% CI, 0.41 to 1.49; P = 0.5); age in years, 0.95 (95% CI, 0.91 to 0.99; P = 0.02); and parasitemia before antimalarial treatment, 7.0 (95% CI, 2.7 to 18.5; P < 0.0001). Parasitemia at screening was not independently predictive of risk (HR, 2.5; 95% CI, 0.5 to 13; P = 0.25). We noted a higher prevalence of P. falciparum infection among vaccinees at day 63. This was not associated with enhanced immunogenicity (summed ELISPOT results were 5.5% lower among this group; 95% CI, −28 to +17%) and would have biased results against vaccine efficacy given that reinfection was more likely in this group (HR, 7.0; 95% CI, 2.7 to 18.5; P < 00001). Nevertheless, vaccine efficacy was significant with and without adjusting for P. falciparum infection at day 63, as shown in Table 2 .
More new infections occurred in the first 4 weeks of follow-up than in the latter 4 weeks (that is, 33 primary end points of infection by PCR occurred in the first 4 weeks versus 6 in the latter 4 weeks), in keeping with the brief period of high rainfall just before the final vaccination ( Fig. 2A) . Hence, there was limited power to identify waning efficacy (P = 0.43 by Schoenfeld residuals). immunosorbent assay (ELISA) detecting antibody. P < 0.05 is shown by a black circle for vaccinees receiving the ChAd63-MVA ME-TRAP vaccine versus control vaccinees receiving a rabies vaccine. Results are shown at screening (day 0), 14 days after priming with ChAd63 ME-TRAP (day 14), 7 days after boosting with MVA ME-TRAP (peak immunogenicity was at day 63), and after waning of the immune response (day 161). G, IFN-g; L, IL-2; T, TNF-a.
T cell responses to TRAP peptides 21 to 30 from parasite clone T9/ 96, the peptide pool to which the strongest T cell responses were induced and the allele encoded by the vaccine, were significantly associated with protection among ME-TRAP vaccinees (P = 0.016, Table 3 and Fig. 3A) ; T cell responses for the same peptide pool from the clone 3D7 showed a marginal association with protection (P = 0.054, Table 3 and Fig. 3B ). Summed T cell responses to T9/96 peptides were not associated with protection (Fig. 3C) , and neither were antibody responses by ELISA (Fig. 3D ).
DISCUSSION
We demonstrate some protective efficacy against malaria infection with a T cell-inducing vaccination strategy among adults living in a malaria-endemic area in Kenya. Previous T cell-inducing vaccines have been partially effective in controlled human malaria infection studies (6) but have been ineffective in field studies (7, 8) , possibly because immunogenicity is reduced in participants previously exposed to malaria (9) . The use of ChAd63 for priming in the current study resulted in a sixfold improvement in immunogenicity compared to priming with DNA and a fourfold improvement compared to priming with the attenuated fowlpox strain FP9 (6) (7) (8) (9) .
Protective efficacy may vary according to transmission intensity, as has been described for other vaccines (15) . In our trial, the transmission intensity was low. To achieve high protective efficacy in higher transmission settings, combination vaccine regimens that would boost cellular and humoral immunity to different antigens would most likely be needed. Synergistic protection has been seen with combined antibody and cellular responses to a vaccine (16, 17) . Further vaccine development will necessitate testing in children, where the potential for immunosuppression of T cell responses after malaria infection may attenuate vaccine efficacy (9).
We identified "blips" of low-level parasitemia during monitoring, which were not detectable by microscopy. Previous field studies have identified similar "blips" (14) , which are thought to represent parasites emerging from the liver with subsequent suppression of growth by either host immunity (18) or antimalarials (14) . After boosting with the MVA ME-TRAP vaccine and before monitoring, we gave a combination of antimalarials to clear early and late blood-stage asexual parasites, gametocytes, and liver-stage infections. Critically, the atovaquone component of this combination may have a prolonged biological effect (19) , explaining in part the low parasite densities that we observed.
We have previously reported the lower limit of quantification of this PCR assay to be 20 parasites/ml (20) . However, this does not mean that low-level positive results are unreliable. Rather, whereas negative results do not rule out very low parasite densities, positive PCR results have been shown to be highly specific for P. falciparum infection (21) .
Genotyping was conducted using a previously published method to distinguish failure to clear parasites before monitoring from reinfection during the monitoring period (22) 0006 by log-rank), (C) first episode of PCR positivity at >10 parasites/ml (P = 0.0004 by log-rank), and (D) first episode of PCR positivity where the parasite genotype was different from a parasite genotype seen in samples collected before the start of monitoring (P = 0.023 by log-rank). Analysis is shown beginning 1 week after the last vaccination when antimalarial drugs were given. *, significant differences (P < 0.05). that most of the parasites seen after drug treatment were new infections rather than recrudescent infections, consistent with the high efficacy of the antimalarial drug regimen chosen (23) . Most malaria infections were acquired in the first 2 weeks of follow-up after vaccination with MVA ME-TRAP. This 2-week period followed antimalarial treatment (given 1 week after the second boost vaccination) to clear previously acquired infections. This also, by chance, happened to coincide with a spike in rainfall, likely explaining the short 2-week period of acquisition of malaria infections ( Fig.  2A) . We were therefore unable to assess the protective efficacy of our vaccination regimen beyond this 2-week period.
Vaccine-induced T cell responses, measured in an ex vivo ELISPOT assay, waned over 105 days of follow-up, as has been reported previously in studies of malaria-naïve volunteers. Immunogenicity was still detectable at day 161 by ELISPOT (P = 0.002), albeit at one quarter the magnitude detected at day 63. In other studies, efficacy has been observed with experimental challenge 6 months after vaccination despite waning immunogenicity (13) . The central memory T cell response has been reported to be more sustained than the ex vivo response and may be associated with efficacy (24) .
In our study, efficacy was partial. Breakthrough infections might occur because of genetic variation (that is, protection operates against parasites of similar genotype to the strain used to develop the vaccine) or for other reasons (for example, some parasite inocula might be large and thus would overwhelm host immunity). Given that the quantity of DNA extracted from malaria parasites from vaccinee blood was insufficient for sequencing the TRAP gene, we were unable to formally test whether breakthrough infections were associated with particular TRAP genotypes.
Previous work suggests that T cells rather than antibody are the protective mechanism induced by the immunization regimen that we used here (5). We found that T cells to the TRAP peptide pool 21 to 30 from strain T9/96 correlated with efficacy. Given the multiple comparisons (for which a Bonferroni correction to P < 0.0016 might be applied), this may simply be a chance association. On the other hand, this was the peptide pool that elicited the highest T cell response, and TRAP was the gene encoded in the vaccine, suggesting that this TRAP peptide pool is the most likely candidate correlate of protection a priori. No correlations with protection were identified with the low T cell responses seen among the control vaccinees.
The efficacy observed here was higher than the rate of sterile efficacy in controlled human malaria infection with the same vaccination Table 3 . Associations between vaccine efficacy and immunological responses by Cox regression. Correlations are shown between peak immune responses as measured on day 63 (that is, 1 week after boost) and subsequent infection. ME, multiple epitope. G, IFN-g; L, IL-2; T, TNF-a.
Assay
Rabies ME-TRAP HR 5% 95% P HR 5% 95% P regimen (21%; 95% CI, 5 to 51%) (13) . This may reflect a lower sporozoite inoculum in the field (five infectious mosquito bites are used in controlled human malaria infection compared to one infectious bite in the field). The frequency of partial efficacy (that is, a delay in the time taken to develop a positive blood film relative to control vaccinees) plus sterile efficacy (that is, those whose blood films never became positive) was 57% (95% CI, 29 to 82%) in controlled human malaria infection studies, which was not significantly different from the estimate in this Kenyan trial. T cell-inducing vaccines have been calculated to provide a greater than 90% reduction in parasite burden at the pre-erythrocytic stage in controlled human malaria infection studies (25) . This reduction may result in partial protection (that is, a delay to parasitemia) when the infectious challenge is heavy and in sterile or complete protection when infectious challenge is light. Previous proof-of-concept vaccine trials have been conducted in adults in endemic areas using microscopic detection of malaria parasites as the end point (8, 26) . Efficacy measured using PCR detection may not be comparable with these previous trials, but the sensitivity of PCR allows for a smaller sample size with shorter follow-up before proceeding to trials with clinical end points in children.
ELISPOT
It has been difficult to induce protective cellular immunity in humans in the absence of neutralizing antibodies. There was no evidence that TRAP antibodies were associated with protection in our trial (Table 3 and Fig. 3D ), in keeping with preclinical studies showing that TRAP antibodies have little protective efficacy in vivo (27) . The lack of correlation between vaccine efficacy and TRAP antibodies in this field trial, the induction of cellular immunogenicity, and the finding of higher ELISPOT responses to specific peptides suggest a cell-mediated mechanism of efficacy.
This study demonstrates protective efficacy over a 2-week period after vaccination in a single population in rural Kenya. The unexpectedly brief malaria transmission season precluded measuring efficacy over longer periods. Furthermore, we cannot readily generalize our results to settings with more intense malaria transmission or to other end points such as clinical malaria. We did not describe multiple episodes of malaria infection per individual because asymptomatic infections may have persisted, and so a second positive PCR result was more likely to be the result of continued infection rather than a discrete second episode of infection. The quantities of parasite DNA isolated precluded detailed genetic analysis to examine the cause of breakthrough infections.
We conclude that PCR monitoring for malaria infection is a sensitive and specific means of identifying end points with which to study vaccine efficacy using modest sample sizes. The ChAd63-MVA ME-TRAP vaccination strategy is now being examined for protective efficacy against clinical malaria in pediatric populations, and for confirmation of this efficacy signal in adult populations. We also are planning assessment of the ChAd63-MVA ME-TRAP vaccine in combination with other promising and potentially synergistic vaccination strategies (16) .
MATERIALS AND METHODS

Study design
We conducted a randomized, controlled single-blind study. The end point was P. falciparum infection determined by PCR. We predicted that 70% of adults would be PCR-positive during the 8-week followup period, thus providing 80% power to detect an efficacy of 40% with 100 participants. We allowed for 20 participants to be lost to follow-up with n = 120. Our objective was to determine the safety, immunogenicity, and efficacy of vaccination with ChAd63 ME-TRAP and MVA ME-TRAP compared to vaccination with a control rabies vaccine. Study participants, field workers, and the laboratory were blind to vaccination, but the study clinician and vaccination team were not blinded. The study was approved by the Kenyan Medical Research Institute National Ethics Committee, the Pharmacy and Poisons Board, Kenya (the national drug regulatory authority), and the Oxford Tropical Research Ethics Committee, and overseen by an independent data and safety monitoring board (DSMB). A local safety monitor was appointed to advise investigators and/or the DSMB on request. The study was con- 
Study setting
The trial was conducted in Junju sublocation in Kilifi County, Kenya. Kilifi has two seasons of high transmission of P. falciparum malaria coinciding with the long monsoon rains (April to June) and the short rains (October to December). The entomological inoculation rate in the study area was measured at 21.7 infective bites per year in 2010 (28) , but the rains failed in 2012, when the study was conducted, and clinical malaria rates were low ( fig. S1 ).
Participants
We recruited 18-to 50-year-old adult males without evidence of any acute or chronic illness on medical and laboratory screening and without prior receipt of an experimental malaria vaccine or recent or planned use of any investigational drug.
Randomization
Participants were randomized in a 1:1 ratio. The randomization sequence was generated by an independent statistician using STATA version 12 (StataCorp). Treatment allocations were kept in sealed opaque envelopes stored in a locked cabinet by the data manager. Study clinicians opened the envelopes after confirming eligibility criteria and when ready to vaccinate the participant. Participants and field workers remained blinded until the end of the study, and the laboratory remained blinded until the PCR and immunology databases were cleaned and locked.
Interventions
The active treatment was 5 × 10 10 viral particles of intramuscular ChAd63 ME-TRAP in 0.35 ml followed by 2 × 10 8 plaque-forming units of intramuscular MVA ME-TRAP in 0.27 ml 56 days later as previously described (11) . The control treatment was 0.5 ml of intramuscular Rabies Vaccine BP (Sanofi Pasteur) at the same time points.
Safety assessment
Participants were observed for 30 min after each immunization, visited at home by a field worker the next day, and assessed in the clinic 14 and 7 days after the first and second vaccinations, respectively (details of safety assessments are given in tables S7 and S8).
Immunology
A cohort of 30 participants were randomly selected for cellular immunology studies at baseline (day 0), 2 weeks after the first vaccination (day 14) , and 105 days after the second vaccination (day 161). All participants were sampled for cellular immunology on day 63 (that is, 1 week after the second vaccination). PBMCs were separated using Lymphoprep (Axis-Shield Diagnostics Ltd.) for cellular immunology, and a serum sample was saved for serology. ELISPOT assays, ICS, and ELISAs were conducted as previously described (13), using peptide pools for TRAP as described in table S9.
Antimalarial treatment before PCR monitoring A 3-day course of directly observed atovaquone/proguanil (250 mg/ 100 mg) with artesunate (250 mg) was started 7 days after the final vaccination (that is, on days 63 to 65) to clear parasitemia before PCR monitoring for new P. falciparum infections.
PCR monitoring
Before the period of monitoring for efficacy, PCR assays were done on day 0 and on day 63 to provide baseline data for adjusting subsequent risk of infection. After vaccination, PCR assays were conducted three times per week from day 70 up to day 95 and once per week from day 98 to day 119. Blood (0.5 ml) was filtered to remove white cells (29) before DNA extraction into 50 ml of eluate, from which 15 ml (that is, 5 ml in triplicate) was amplified by quantitative PCR using a TaqMan probe (5′-FAM-AACAATTGGAGGGCAAG-NFQ-MGB-3′) for the multicopy 18S ribosomal RNA genes as previously described (30) . We used an Applied Biosystems 7500 PCR System with quantification by Applied Biosystems 7500 software. Quality control checks were additionally performed using an Applied Biosystems Step One Plus PCR system and software. Three negative control wells and seven serial dilutions of plasmid DNA as standards were included on each plate.
Genotyping
Parasite DNA was typed using the Sequenom assay as previously described (22) to type 200 SNPs (the SNPs used for typing are shown in table S10).
Statistical analysis
An analysis plan was agreed by the DSMB, sponsor, and investigators before unblinding. The primary efficacy analysis was the HR for vaccination as determined by Cox regression for the first PCR-positive blood sample during monitoring after antimalarials were given to clear preexisting malaria infection, and visualized using Kaplan-Meier plots, with log-rank testing for significance. Secondary analyses were hazards of (i) the first PCR-positive blood sample above a threshold of 10 parasites/ml and (ii) the first PCR-positive blood sample where genotyping data were available and indicating that the genotype was different from the genotype present before antimalarials were given. The time at risk was considered to begin 1 week after the final vaccination with MVA ME-TRAP. Cox regression was adjusted by age (continuous variable), bed net use (intact or treated nets versus no nets or untreated nets with more than three holes), malaria parasitemia on enrollment, and location of residence. Safety data are presented for the intention to treat cohort (that is, all randomized participants), and immunogenicity and efficacy data are presented according to protocol (that is, excluding two subjects who did not complete their vaccination course). The sample size was based on a power calculation (see Supplementary Methods).
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